The quest for fundamental limitations on physical processes is old and venerable. Here, we investigate the maximum possible power, or luminosity, that any event can produce. We show, via full nonlinear simulations of Einstein's equations, that there exist initial conditions which give rise to arbitrarily large luminosities. However, the requirement that there is no past horizon in the spacetime seems to limit the luminosity to below the Planck value, LP = c 5 /G. Numerical relativity simulations of critical collapse yield the largest luminosities observed to date, ≈ 0.2LP. We also present an analytic solution to the Einstein equations which seems to give an unboundedly large luminosity; this will guide future numerical efforts to investigate super-Planckian luminosities.
I. INTRODUCTION
The boundaries of our Universe, and of the theories used to describe it, exert a strange fascination upon humankind. We have long wondered how old or large the Universe is. These questions led eventually to precise cosmological models, an active area of current research. In the early 20th century, thought experiments regarding the fundamental limiting velocity laid the foundations of the special theory of relativity. Shortly afterwards, quantum mechanics both answered and was made more complete by an understanding of the uncertainty principle, which provides intrinsic limitations on the measurements of "position" and "velocity".
Gravitation, and specifically black holes (BHs) seem to play a central role in some of these issues: point particles in General Relativity do not exist, and the compactness of systems is bounded by the BH limit [1, 2] . BHs also represent a limit on short-distance, high-energy physics [3] [4] [5] . Surprisingly, BH physics is also intrinsically related to how ideal a fluid can be [6] , and even limits the accuracy of clocks [7] [8] [9] .
II. THE MAXIMUM LUMINOSITY
Here we consider the upper bound on the power, or luminosity, of any process. In Tab. I we list some of the most powerful and luminous known events. Can these values be surpassed by some other, as-yet-unknown process? The rate of energy emission for all known interactions increases with acceleration, which in turn increases as bodies get closer together. It is therefore not extremely surprising that possible bounds on luminosities are related to maximum-tension principles [19, 20] . And be- * christopher.moore@tecnico.ulisboa.pt
Event
Peak luminosity Three Gorges dam [10] ∼ 10 10 W (3 × 10 −43 ) Most powerful laser [11] ∼ 10 15 W (3 × 10 −38 ) Tsar Bomba [12] ∼ 10 26 W (3 × 10 −27 ) Solar luminosity [13] ∼ 3 × 10 26 W (10 −30 ) γ-ray bursts [14] ∼ 3 × 10 47 W (10 −5 ) Inspiralling BHs [15] ∼ 7 × 10 49 W (2 × 10 −3 ) High-energy BH collision [16 ) the resultant luminosity is still only ≈ 10 −4 LP. The inspiralling BH luminosity is for an equal mass binary on a quasi-circular orbit, whereas the high-energy BH collision is for BHs with initial velocities 0.75c and with a fine-tuned impact parameter. The highlighted row is the luminosity associated with the spherically symmetric critical collapse of a scalar field as considered by [18] ; the luminosity of this process is calculated here for the first time. The end point of BH evaporation refers to the final stage of the Hawking evaporation process, where a Planck mass BH evaporates in a Planck time radiating at the Planck luminosity; this is speculative and beyond current physics.
cause BHs represent the limit of short-distance physics, one also gets a natural liaison between bounds on luminosity and gravitation. In four spacetime dimensions, there is one constant with dimensions of luminosity that can be built from the classical universal constants; this is the Planck luminosity,
This luminosity controls gravitational processes; therefore, it is no wonder that the first LIGO observation of a BH merger was the most powerful astrophysical event ever seen [21, 22] .
FIG.
1. An outgoing shell of radiation and its past appearance. The luminosity bound L LP/2 is imposed by requiring that in the past, when the shell was focussed near the origin, the spacetime does not contain a horizon.
A simple Newtonian thought experiment reveals how BHs regulate the maximum luminosity. Consider a process with finite duration δt, which produced some radiation with total energy M c 2 contained in a shell of thickness δ ≈ cδt (see Fig. 1 ). Imagine evolving this system back into the past, so that the shell is focused near the origin where its self-gravity is large. In order to have escaped its self-gravity we must impose that a horizon was not present, we require
The power, or luminosity, is therefore bounded by
It was conjectured by Thorne [23] (see also [19, 20, 24] ) that the Planck luminosity is in fact an upper limit for the luminosity of any process in the Universe.
III. FORMULATING A MAXIMUM LUMINOSITY CONJECTURE
The above thought experiment suggests that while spacetimes with luminosities above the Planck value may exist, such spacetimes would necessarily contain an horizon, and a singularity in their past history. To test this we studied a simple system, mimicking as far as possible the setup of Fig. 1 . We consider spherically symmetric collapse in the full Einstein-Klein-Gordon theory described by the action,
Details of the equations of motion deriving from this action, and the numerical techniques used to evolve them are given in appendix A.
In this section the numerical evolution of spherically symmetric scalar field shells will be considered, and the resultant luminosities calculated. We studied initial data describing a spherical shell of the scalar field
The function Φ 0 (r) describes the initial pulse profile (A, w and r 0 are the amplitude, width and radius of the pulse, respectively). The function Π is the conjugate momentum to the field Φ (a positive [negative] sign in Eq. 6 gives an outgoing [ingoing] pulse). The initial data for the spacetime metric are also described in appendix A. First, we take initial conditions for an outgoing pulse, evolve the system forward in time and record the peak luminosity, L peak . Our results are summarised in Fig. 2(a) where we plot L peak as a function of the amplitude for different pulse widths. Over the range of the amplitudes plotted the peak luminosity L peak ∝ A 2 (as expected for waves in nearly flat spacetimes) and the peak luminosity can exceed the Planck luminosity. The quadratic scaling of the peak luminosity with A holds up until the point where the mass energy in the shell becomes comparable to ∼ r 0 /2, at which point a horizon forms trapping the outgoing shell. However, with a suitable choice of the initial radius, r 0 , amplitude, A, and width, w, parameters for the shell there is no upper bound to the luminosity that can be achieved using the initial data of the form in Eqs. 5 and 6. This provides a concrete counter-example to any naive bound on the maximum luminosity.
However, there remains the question of producing such initial data from reasonable conditions arising in the Universe. To investigate this we take initial conditions for the ingoing pulse, and evolve this system forwards in time. We find that for amplitudes larger than some critical value, A * , the scalar field pulse shrinks inside a horizon and forms a singularity. Therefore, the maximal development of the initial data for an outgoing pulse with an amplitude A > A * necessarily contains a past horizon and past singularity. Our results for the ingoing pulse (or time-reverse outgoing pulse) are summarised in Fig. 2(b) . For small amplitudes we have L P ∝ A 2 ; the self-gravity of the pulse is weak, so it passes through itself at the origin without significant interaction and goes back out to infinity. However, the peak luminosity reaches a maximum value ≈ 0.2L P (the peak value depending only weakly on the width). For initial amplitudes above the critical value, A ≥ A * [18] , the ingoing pulse forms a horizon which retains a fraction of the energy, and the luminosity at infinity is reduced. The peak luminosities obtained here are the largest obtained to date in numerical simulations, but are still below the Planck value. One might try to achieve still larger luminosities by placing a "rigid" sphere at some radius R to reflect the incoming shell and prevent it from forming a BH at the origin. However, such a sphere would need to support pressures of
Panel (a): the peak luminosity measured by an observer at infinity for the spherically symmetric outgoing scalar pulse as function of its amplitude, for 3 different values of the pulse width. The luminosity scales quadratically with the amplitude, and there is no obstacle to obtaining luminosities above LP. Panel (b): the peak luminosity for the ingoing field pulse. For small amplitudes the field behaves as in flat spacetime and the peak flux scales quadratically with the amplitude. At larger amplitudes, gravitational backreaction becomes important and eventually a horizon forms, suppressing the peak luminosity. The critical amplitude A * , is the threshold of horizon formation. In both panels the lower plot shows the fraction error on the peak luminosity shown in the upper plot (the calculation of the numerical error is described in appendix A).
∼ M c 2 /(4πR 2 w), corresponding to a tension ∼ M c 2 /w. If the maximum tension principle holds [19, 20] , then such shell can only work below the Planck luminosity. These numerical results lead us to make the following conjecture.
Maximum Luminosity Conjecture: the luminosity of any process in a spacetime satisfying the maximum tension principle and free from past horizons is bounded above by the Planck luminosity.
The luminosity is to be understood as the rate of change of energy (specifically the Misner-Sharp mass [25] , or energy, see appendix A) with proper time at future null infinity in an asymptotically flat spacetime.
IV. TESTING THE MAXIMUM LUMINOSITY CONJECTURE
Other attempts at exceeding the Planck luminosity using other fundamental fields seem to stumble upon BHs as well. Consider the electromagnetic and gravitational radiation emitted during the head-on collision of two charged bodies infalling from rest, of equal mass M/2 and opposite charge ±Q. The classical Larmor formula for electromagnetic (EM) waves and the quadrupole formula for gravitational wave (GW) radiation yields [26] ,
where B = 1+Q 2 /(4π 0 GM 2 c 2 ), the "classical electric radius" is r e = 2Q 2 /(4π 0 M c 2 ), the "gravitational radius" is r G = GM/c 2 , and z is the distance between the two objects. If the particle is outside its own Schwarzschild radius z > r e > r G then the total luminosity satisfies L EM + L GW < L P . Full nonlinear simulations support this conclusion [26, 27] and the result can be generalised to arbitrary, non-relativistic motions.
The above calculation considered only two point-like, structureless particles. It is conceivable that there exist composite systems which emit above the conjectured bound. However, finding such a system is challenging. A simple setup which seemingly provides higher luminosities is the straightforward combination of N separate binaries, each radiating at a fixed luminosity: if the luminosities add, then a sufficiently large number of binaries should violate the conjectured bound. To be specific: the first LIGO event, GW150914, consisted of two comparable BHs, each ∼ 30M . When they entered band, they were separated by ∼ 300 km and radiating gravitational waves at a luminosity of ∼ 10 −3 L P [15, 28] . Can one take 10 3 or more GW150914-like binaries each separated by, say, 10
5 km, such that the total luminosity adds up to more than L P ? However, to guarantee that the luminosities do indeed add, one must ensure that each binary is stable and radiating for at least the light travel time between the binaries, so that the flux crossing a sphere at large radii is the same at each point on that sphere. Consider an equal mass binary with total mass M and separation R. From the quadrupole formula [29] the radiated GW power depends only on the dimensionless separation
and the binary radiates for a total lifetime [29] τ (x) = 5 64
We now wish to double the GW luminosity by adding together two such systems (interference between the GWs from the two systems is neglected). At what distance apart, d, should the two binaries be placed? The distance must be sufficiently large that the two binaries remain radiating on quasi-circular orbits without disturbing one another over a timescale of at least one orbital period; this minimum distance is estimated here as the GW wavelength (which can be calculated from Kepler's law).
As discussed above, the distance must also be less than the light travel distance of the evolution time. Therefore,
Other estimates for the the minimum distance can be explored; for example, the minimum distance can be estimated as twice the orbital diameter, d min = 4R. We have verified that the results of the following calculation do not depend sensitively on the choice of d min . We now wish to further increase the GW luminosity by adding together many such systems; what is the maximum achievable luminosity? Packing N binaries into a cube of side length d max , it would appear that the limit is N < (d max /d min ) 3 . However, we must also ensure that the total mass in the cube is sufficiently low that we avoid forming a single BH trapping all of the radiation; the hoop conjecture [1, 30] forces us to have 2GN M/c 2 < d max . Therefore, the maximum number of binaries possible while still having the total luminosity scale linearly is
The GW luminosity of the ensemble of BHs is
which has a maximum value of L max ≈ 8.0×10 −3 L P at x ≈ 1.9, satisfying the conjectured bound. Again, even in this quasi-Newtonian analysis we see the role that BH horizons (or at least their absence) play in regulating the luminosity and enforcing the conjectured bound.
V. GOING BEYOND THE MAXIMUM LUMINOSITY?
The conjectured bound on the maximum possible luminosity appears fairly secure, it has withstood all our attempts thus far to falsify it. We conclude by presenting an analytic example pointing to a possible failure of the conjecture.
The thought experiment illustrated in Fig. 1 motivated the upper luminosity bound by considering a timereversed outgoing shell forming a past horizon. However, absorption may, in principle, help avoid the formation of a past horizon and open up the possibility of exceeding the conjectured bound. One can imagine an extended matter distribution which gradually absorbs the energy as it travels inwards. If the attenuation is sufficiently strong it may reduce the energy in the shell to a point where no horizon forms. We consider this here.
Consider a static, spherical "star" with a typical size a and mass M , with a spacetime metric
The stress-energy tensor of the matter in the star may be calculated from the Einstein equations, T µν = (c 4 /8πG)G µν . Details are given in appendix B, here we simply note that the matter is physically reasonable and satisfies the null, weak, and dominant energy conditions [31] .
Consider two copies of this spacetime with masses M and M −δM . We cut these spacetimes along the surface of an outgoing null geodesic cone, Σ, with its vertex at the origin. The two spacetimes may be joined along Σ, placing the spacetime with the lower mass in the future. Care must be taken to ensure the appropriate Israel boundary conditions are satisfied at the junction [32, 33] . The resulting spacetime satisfies the Einstein equations, with some additional matter on Σ; the stress-energy tensor of this additional matter may be found by considering the geometry of Σ (see appendix B) and we find that it is that of "null dust", i.e.
with µ(r) = rδM
k µ is an outward future-pointing null vector (see Fig. 3  (a) ), u µ is the four-velocity of an observer crossing Σ, and δ(τ − τ 0 ) is a δ-function in the observer's proper time peaked on Σ.
An observer at future null infinity will measure an unboundedly large luminosity from this system due to the δ-function in Eq. 17. Such a spacetime, while admittedly being somewhat contrived, could be practically realised, by a sufficiently advanced civilisation, as the limit of the following construction. First they must construct a spherical ball of matter in an excited state. Then they must arrange for a small piece, or "trigger region", of the matter in the centre to drop into a stable state, releasing its energy as a small burst of radiation. As this burst travels out through the ball it can stimulate the outer layers to drop into the stable state adding their energy to the outgoing null shell; in this way the luminosity of the burst increases as is travels out through the ball (see Fig. 3(b) ). Think of a spherical laser, with the ball playing the role of the lasing medium. This system can release a large amount of energy (the amount being set by the size of the ball) in a short amount of time (the duration being set by the size of the "trigger region") with an arbitrarily large luminosity.
This example illustrates a possible way to violate the maximum luminosity conjecture. The underling mechanism is that the radiation must arise from stimulated emission along an outgoing null cone in an extended object, or "star"; in this way a finite energy can be radiated in an arbitrarily thin shell with a super-Planckian luminosity. In the time reversed picture the radiation is gradually attenuated by the extended "star" as in propagates inwards, and the formation of a past horizon is avoided. By itself, we do not consider the spacetime in Eq. 15 to be a convincing counterexample to the conjecture. Because of the way the spacetime was constructed we do not have access to the equations of motion for the matter in the "star", this means that the nature of the matter remains rather unclear (although it does satisfy the energy conditions, see appendix B), and questions concerning the star's stability cannot be addressed. However, we hope that this example will serve as a prototype for future efforts to probe the maximum luminosities attainable in this way.
VI. DISCUSSION
Bounds on physical quantities have played a pivotal role in the development of science. All experimental observations so far are consistent with there being a maximum possible luminosity, or power, L P = c 5 /G. The majority of our attempts to exceed this bound either failed, had horizons in their past, or were in conflict with maximum tension principles [19, 20] . Event horizons play a key role in regulating this maximum luminosity.
The numerical simulations of the Einstein-KleinGordon system performed here are also consistent with the conjectured bound. These simulations provide the clearest evidence yet that any attempt to make a precise mathematical formulation of the maximum luminosity conjecture must make reference to the non-existence of past horizons. These simulations have also yielded the largest luminosities yet seen in numerical relativity.
Finally, we have presented a prototype for possible future attempts to exceed the conjectured bound. The key physical observation is that the emission should come from an extended object, and be triggered by an outwardly propagating null signal. Only in this way can a finite energy be radiated in an arbitrarily thin shell without the energy being trapped inside of a horizon.
We hope that this work will help motivate further investigations of the maximum possible power and the role of the Planck luminosity, L P = c 5 /G.
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where is the D'Alembertian operator, G µν is the Einstein tensor associated with the metric g µν , and T µν is the energy momentum tensor of the massless scalar field, given by
In this section we use natural units where G = c = 1.
We evolve these equations using the G-BSSN formulation [34, 35] , which we briefly summarize here. The G-BSSN formulation is a generalization of the BSSN formulation [36, 37] , which is in turn based on the ADM formalism [38] , to the case of curvilinear coordinates. The line element in ADM formulation is written as
In the G-BSSN formulation, the spatial metric γ ij and the extrinsic curvature K ij are decomposed as
where
is determined from the Lagrangian evolution equation, ∂ tγ = 0. Furthermore, we introduce a reference metricγ ij , and an auxiliary vector fieldΛ
where Γ k ij Γ k ij are the Christoffel symbols associated with γ ij [γ ij ].
We now specialise to the case of spherical symmetry, where we havẽ
The evolution equations are given by
In the above evolution equations a prime denoted a rderivative, a superscript TF denotes the trace-free part, and we have defined
The Hamiltonian and momentum constraint are given by
Finally, the equations of motion for the scalar field are given bẏ
In this study, we solve these equations using a partially implicit Runge-Kutta method. [39] The gauge condition for the lapse function and the shift vector are the harmonic gauge and the gamma driver respectively. We wish to evaluate the luminosity, which is the rate of change of an energy, or mass. In spherical symmetry the existence of the Kodama vector, K µ , [40] allows for the definition of a flux vector S µ ≡ T µ ν K ν satisfying the following conservation law,
From this conservation law we have the quasi-local conserved Misner-Sharp mass [25] ,
and the associated luminosity
with L(r) = 4παe 6φ a 1/2 br 2 S r .
We evolve the initial data described in the main text according the above formalism, and record the peak luminosity L peak at four different radii: 2.5r 0 , 5.0r 0 , 7.5r 0 , and 10.0r 0 . To obtain the peak luminosity at infinity, L peak (∞), we fit these luminosities with
The coefficients c 1 , c 2 and L peak (∞) are determined from the measured luminosities at 2.5r 0 , 5.0r 0 , and 7.5r 0 . We then estimate the error in value obtained for L peak (∞) using the difference between the measured luminosities at 10.0r 0 and the value given by Eq. A26.
Initial data
We now outline the construction of the initial data used to perform the numerical simulations described in Sec. III. The initial data describes a outgoing or ingoing spherical shell of scalar field, of the form in Eqs. 5 and 6. For simplicity, the metric ansatz of the initial data is conformally flat (that is a(t = 0, r) = 1 and b(t = 0, r) = 1) and K vanishes at the initial time. SinceÃ ij is traceless, we have B = − b 2a A. φ and A are given as solutions of the Hamiltonian constraint in Eq.A18, and momentum constraint in Eq. A19, respectively. The boundary conditions at the origin are
Since the spacetime is asymptotic flat, the boundary condition at the outer boundary are
We solve the Hamiltonian constraint and the momentum constraint for φ and A under the boundary conditions using a "shooting method". If the condition Eq.A29 is satisfied, then condition Eq.A30 is also automatically satisfied. Therefore, the shooting parameter is the value of the scalar field at the origin. After solving the constraint equations, the initial profile of the lapse function α and the shift vector β are determined. The profile of the lapse function is given from the condition that the time derivative of K vanishes for the initial data; that is, the lapse function at the initial data is a solution of
For simplicity, the shift vector vanishes for the initial data.
Appendix B: The geometry of the outgoing null cone
In this section we describe the geometry of the outgoing null cone forming the junction between two spacetimes, and the determination of the resultant stressenergy tensor on the cone. The relevant boundary conditions were first derived in [32] , here we will use the notation and conventions of the reformulation in [33] . In this section we will work with natural units with G = c = 1.
Consider the static, spherically symmetric metric given by The three tangent vectors to Σ are given by
and satisfy k α k α = 0 = e α A k α . The intrinsic metric on Σ is 2 dimensional and is given by the remaining inner products,
The normal vector to Σ satisfying N α N α = N α e α A = 0, and N α k α = −1 is given by
Finally, we evaluate the "transverse curvature" [33] of Σ; this is defined as
The stress-energy tensor on the hypersurface Σ is given by
where u µ is the 4-velocity of a congruence of timelike geodesics intersecting Σ, and τ is the proper time along the timelike geodesic congruence (τ = 0 is the intersection of the congruence with Σ), and
Square brackets denote the change of the enclosed quantity across Σ from the past to the future, i.e. [h(x)] = h(x) Σ+ − h(x) Σ− [33] . The function µ is a mass density on Σ, p is an isotropic pressure on Σ, and j A represents a current on Σ flowing in the θ and φ directions.
As an example, we first consider joining two Schwarzschild metrics with different masses along an outgoing null hypersurface, Σ. In the future [past] of Σ we choose A(r) 2 = B(r)
Evaluating the above expressions we find that µ = (M past − M future )/(4πr 2 ), p = 0 and j A = 0. Provided we choose M future < M past then the stress-energy tensor of the matter on the null hypersurface describes a thin expanding shell of "null dust" containing a positive total energy (M past − M future ). The luminosity of this spacetime, as measured by an observer at future null infinity, is unbounded. The spacetime we have constructed is a limiting case of the Vaidya spacetime [41] where the duration of the radiating region is taken to zero. The causal structure of this spacetime is shown in Fig. 4 ; this spacetime is not a counter-example to the maximum luminosity conjecture in the main text, because the radiation comes out of a past horizon. [41] . The mass decreases across the null hypersurface, and the difference is radiated out to infinity by an expanding shell of null dust.
We now turn to the spacetime described in the main text, the metric is given in Eq. 15. We define the following orthonormal tetrad, 
where f (r) = 1 − 2m(r)/r. The stress-energy tensor in the bulk of this spacetime may be calculated from Einstein's equations, T µν = (1/8π)G µν , and decomposed onto the orthonormal tetrad in Eq. B13. The stressenergy tensor is given by
with ρ(r) = −p r (r) = 3a 2 M 4π (a 2 + r 2 )
and p θ (r) = p φ (r) = 3 3a 2 r 2 − 2a 4 M 8π (a 2 + r 2 )
t is straightforward to check that this stress-energy tensor satisfies the usual energy conditions [31] . For example, the weak energy condition states that that the inequality T µν X µ X ν ≥ 0 holds for any timelike vector X µ . For a stress energy tensor of the form in Eq. B14 this condition will hold if ρ ≥ 0, ρ + p r ≥ 0, ρ + p θ ≥ 0, and ρ + p φ ≥ 0, which can all be shown to hold from Eqs. B15 and B16. The null energy condition states that that the inequality T µν X µ X ν ≥ 0 holds for any null vector X µ ; the fact that the weak energy condition is satisfied implies (by continuity) that the null energy condition is also satisfied. Finally the dominant energy condition states that for every timelike vector X µ the inequality T µν X µ X ν ≥ 0 holds and T µν X ν is timelike. For a stress energy tensor of the form in Eq. B14 this condition will hold if ρ ≥ 0, −ρ ≤ p r ≤ ρ, −ρ ≤ p θ ≤ ρ, and −ρ ≤ p φ ≤ ρ, which can all be shown to hold from Eqs. B15 and B16.
The transverse curvature of the null hypersurface, Σ, in this spacetime may be evaluated from equation B7 and is given by 
This stress-energy tensor also satisfies all of the usual energy conditions and describes "null dust". This is the result given in equation 17 of the main text. The function µ(r) is plotted in Fig. 3(b) .
